We have previously shown that splenocytes from mice acutely infected with Trypanosoma cruzi exhibit high levels of nitric oxide (NO)-mediated apoptosis. In the present study, we used the gamma interferon (IFN-␥)-knockout (IFN-␥ ؊/؊ ) mice to investigate the role of IFN-␥ in modulating apoptosis induction and host protection during T. cruzi infection in mice. IFN-␥ ؊/؊ mice were highly susceptible to infection and exhibited significant reduction of NO production and apoptosis levels in splenocytes but normal lymphoproliferative response compared to the infected wild-type (WT) mice. Furthermore, IFN-␥ modulates an enhancement of Fas and Fas-L expression after infection, since the infected IFN-␥ ؊/؊ mice showed significantly lower levels of Fas and Fas-L expression. The addition of recombinant murine IFN-␥ to spleen cells cultures from infected IFN-␥ ؊/؊ mice increased apoptosis levels, Fas expression, and NO production. In the presence of IFN-␥ and absence of NO, although Fas expression was maintained, apoptosis levels were significantly reduced but still higher than those found in splenocytes from uninfected mice, suggesting that Fas-Fas-L interaction could also play a role in apoptosis induction in T. cruzi-infected mice. Moreover, in vivo, the treatment of infected WT mice with the inducible nitric oxide synthase inhibitor aminoguanidine also led to decreased NO and apoptosis levels but not Fas expression, suggesting that IFN-␥ modulates apoptosis induction by two independent and distinct mechanisms: induction of NO production and of Fas and Fas-L expression. We suggest that besides being of crucial importance in mediating resistance to experimental T. cruzi infection, IFN-␥ could participate in the immune response control through apoptosis modulation.
The protozoan parasite Trypanosoma cruzi causes a persistent, lifelong infection, which can lead to Chagas' disease, a major health problem in Latin America. T. cruzi-infected individuals may develop a chronic disease characterized by cardiopathy or nervous dysfunction of the digestive tract (for a review, see reference 37). In mice and humans, T. cruzi infection leads to an intense suppression of the lymphoproliferative response to mitogens and antigens. This impairment of the proliferative response has been ascribed to many mechanisms, including decreased interleukin-2 (IL-2) production and reduced expression of IL-2 receptor (IL-2R) by spleen cells (43) . In the acute phase of experimental T. cruzi infection, there is intense parasite replication, which in resistant hosts can be controlled by innate and adaptive immune responses (36) .
It has been demonstrated that the cytokines gamma interferon (IFN-␥) and tumor necrosis factor alpha (TNF-␣) are involved in mediating a protective response to T. cruzi (8, 9, 25, 47, 52) . IFN-␥ is synthesized shortly after infection, mainly by IL-12 and TNF-␣-activated NK cells (4, 8) . Together with TNF-␣, IFN-␥ leads to activation of inducible nitric oxide synthase (iNOS) (16) , the enzyme that catalyzes nitric oxide (NO) synthesis by macrophages (38) . NO has been implicated in parasite killing during T. cruzi and in other protozoan (2, 20, 22, 52) , bacterial (10, 23, 44) , and fungal (53) infections. Despite its importance as a microbicidal agent, NO has been shown to be involved in the establishment and maintenance of lymphocyte unresponsiveness in mice infected with several parasites (1, 7, 23, 42, 50) . In addition, NO induces apoptotic cell death in many different cells, in vitro and in vivo (3, 6, 15, 18, 31) .
Apoptosis is a naturally occurring mechanism of cell death involved in a large range of physiological as well as pathological events and is characterized by a set of specific alterations in cell morphology. This finely regulated mechanism of cell death has been shown to be of critical importance in immune response control (41) . Apoptosis induction in immune cells can be modulated by many factors, including the CD95 receptorligand system (Fas-Fas-L) (48) and cytokines such as TNF-␣ and IFN-␥ (17, 30, 34) . The CD95 ligand (Fas-L) is a type II transmembrane molecule which is expressed in many tissues, including the spleen, thymus, lung, testis, heart, and small intestine (48) . Fas, a type I membrane protein, belongs to the TNF/nerve growth factor receptor family and is constitutively expressed on the surface of activated T and B lymphocytes, hepatocytes, and several other tissues and tumors. Fas-Fas-Linduced apoptosis has been demonstrated to be of crucial importance in regulating the immune response (48) . Moreover, IFN-␥-induced Fas expression has been implicated in induction of apoptosis in mice infected by the protozoa Toxoplasma gondii (30) . Although apoptosis has been demonstrated to be enhanced in other parasite infections (11, 30, 33) , including infection of mice by the protozoa T. cruzi (35) , a correlation between Fas expression and apoptosis induction in vivo has not yet been made.
We have previously shown that spleen cells from acutely T. cruzi-infected mice present high levels of apoptosis, which is partially mediated by IFN-␥ and TNF-␣-induced NO (35) . In this work, we used a genetically manipulated mice lacking IFN-␥ to investigated if this cytokine could play a direct role in apoptosis induction during the acute phase of T. cruzi infection. We found that T. cruzi infection in mice leads to an enhancement of Fas and Fas-L expression which is modulated by IFN-␥ in a NO-independent manner. Our results demonstrate that besides modulating NO-induced apoptosis, IFN-␥ could lead to apoptosis induction by mediating an enhancement in Fas and Fas-L expression, suggesting a potential role of this cytokine in control of the immune response during experimental T. cruzi infection. 4 cells of each sample were analyzed. All measurements were made at the same instrument settings.
Expression of Fas and Fas-L was evaluated by incubating splenocytes (10 6 cells/100 l) from uninfected or infected WT or IFN-␥ Ϫ/Ϫ mice, for 30 min at 4°C, with 0.5 g of anti-CD16/CD32 monoclonal antibody (Fc block), followed by the addition of 0.5 g of fluorescein isothiocyanate (FITC)-labeled anti-Fas or 0.5 g of phycoerythrin-labeled anti-Fas-L. Background staining was determined by incubating cells with 0.5 g of FITC-labeled antitrinitrophenol hamster immunoglobulin G1 diluted in 1% bovine serum albumin (Sigma) in PBS for 30 min at 4°C in the dark. Cells were then washed twice, incubated with 500 l of 7-AAD (10 g/ml) for 20 min (4°C), and analyzed on a flow cytometer as described elsewhere (45) . All antibodies were purchased from Pharmingen (San Diego, Calif.). Multivariate data analysis was performed with the LYSYS II software (Becton Dickinson) by setting a gate on the apoptotic cells or lymphocytes on a FL-3 versus FSC scatter dot plot and determining the expression of Fas in FL-1 histograms.
Statistical analysis. Results are expressed as the mean Ϯ standard error of the mean (SEM) or standard deviation (SD) of the indicated number of animals or experiments. Statistical analysis was performed using analysis of variance followed by the Student-Newman-Keuls test (INSTAT software; GraphPad, San Diego, Calif.). A P value of Ͻ0.05 was considered to indicate significance.
RESULTS

IFN-␥
؊/؊ mice are highly susceptible to T. cruzi infection and, unlike WT infected mice, do not develop T-cell unresponsiveness. WT and IFN-␥ Ϫ/Ϫ mice were infected with 10 3 trypomastigote forms of T. cruzi, and parasitemia and mortality were evaluated. In comparison to WT mice, IFN-␥ Ϫ/Ϫ mice exhibited significantly increased parasitemia after day 8 of infection (Fig. 1A) . This increased parasitemia remained uncontrolled (Fig. 1B) .
The lymphoproliferative response to ConA was evaluated in splenocytes from WT and IFN-␥ Ϫ/Ϫ mice on day 11 after infection. As previously described (21), the proliferative response of spleen cells from infected WT mice was dramatically reduced (30% of the response found for noninfected controls). In contrast, splenocytes from the IFN-␥ Ϫ/Ϫ infected mice showed a proliferative response similar to that of the noninfected controls (Fig. 2) .
Enhancement of NO production and apoptosis after T. cruzi infection are abrogated, in vivo and in vitro, in the absence of IFN-␥. To study the involvement of IFN-␥-induced NO production in mediating apoptosis during the acute phase of T. cruzi infection, splenocytes were harvested from WT and IFN-␥ Ϫ/Ϫ mice infected for 11 days with T. cruzi, and NO production and apoptosis levels were evaluated after 48 h of culture. The results showed high NO production by splenocytes from infected WT mice but not by cells from IFN-␥ Ϫ/Ϫ mice. Nitrite levels found in culture supernatants from infected WT mice were 20 times higher than those in cultures from knockout mice (Fig. 3A) . In addition, after culture, 16.9% of cells from infected IFN-␥ Ϫ/Ϫ mice were apoptotic, whereas the percentage of WT apoptotic cells was 62.8 (3.7 times higher) (Fig. 3B) .
Similar results were found when we analyzed serum nitrate concentration and apoptosis levels in ex vivo splenocytes from T. cruzi-infected WT and IFN-␥ Ϫ/Ϫ mice. A 70.9% reduction of NO production was found in sera from infected IFN-␥ Ϫ/Ϫ mice compared with NO in sera from infected WT mice ( analysis of Fas expression in the apoptotic gate of cultured splenocytes revealed no difference between WT and IFN-␥ Ϫ/Ϫ mice, indicating that most cells that die in culture express Fas antigen (Fig. 4B) .
IFN-␥ restores NO production, apoptosis levels, and Fas expression in splenocytes from IFN-␥ ؊/؊ mice. We next investigated if the enhancement of Fas expression was implicated in apoptosis induction and if Fas expression could be related to the enhanced NO production during the infection. Splenocytes harvested from uninfected and infected WT or IFN-␥ Ϫ/Ϫ mice were cultured in the presence of rMuIFN-␥ with or without L-NMMA, and the amount of nitrite, level of apoptosis, and percentage of Fas-expressing cells were evaluated. The addition of 10 U of rMu IFN-␥ per ml significantly increased NO production (Fig. 5A ), Fas expression (Fig. 5B) , and apoptosis levels (Fig. 5C ) by splenocytes from infected IFN-␥ Ϫ/Ϫ mice to levels similar to those found in splenocytes from infected WT mice. However, when splenocytes from infected mice were cultured in the presence of IFN-␥ plus L-NMMA, NO production (Fig. 5A ) and apoptosis levels (Fig. 5B) , but not Fas expression (Fig. 5C) , were significantly reduced. The finding that Fas expression is elevated in the presence of IFN-␥ and absence of NO appears to indicate that NO is not necessary for the enhancement of Fas expression in these cultures. The inhibition of NO production by L-NMMA addition leads to reduced apoptosis levels in splenocytes from WT mice, but it was still significantly higher than the levels found in normal splenocytes (Fig. 5C) . Inhibition of NO production did not change the percentage of Fas-positive cells (Fig. 5B) , suggesting again that NO is not crucial for the enhancement of Fas expression.
Enhancement of Fas and Fas-L expression in vivo in T.
cruzi-infected mice is dependent of IFN-␥. We next investigated the expression of Fas and Fas-L in vivo during the course of the acute phase of T. cruzi infection. We found that T. cruzi infection leads to an enhancement in the expression of both Fas and Fas-L (Fig. 6 ). High levels of Fas expression were detected in infected WT and IFN-␥ Ϫ/Ϫ mice at day 5 after infection. However, whereas in the infected WT mice Fas expression increased steadily until day 13 after infection, in the IFN-␥ Ϫ/Ϫ mice Fas expression decreased after day 7 of infection. In the infected WT mice, the percentage of Fas-expressing cells remained elevated throughout the acute phase (Fig.  6A ) but declined to normal levels in the chronic phase (data not shown). Interestingly, in WT mice, the increased percent-
FIG. 4. Lack of the IFN-␥ functional gene inhibits increase of Fas expression due to T. cruzi infection. Splenocytes were harvested from uninfected (Normal) and infected (day 11 after infection) WT or IFN-␥
Ϫ/Ϫ mice, and the levels of Fas expression were determined after 48 h of culture as described in Materials and Methods. Labeled cells were analyzed by using the mononuclear cell (A) and apoptotic cell (B) gates as described in Materials and Methods. Bars (mean Ϯ SD) represent the results from four mice in one experiment representative of two performed separately. Asterisks mark P Ͻ 0.01 (Student-Newman-Keuls test) compared with the values for cells from uninfected ‫)ء(‬ or infected ‫)ءء(‬ WT mice.
FIG. 5. Fas expression in vitro does not depend on NO production after T. cruzi infection. Splenocytes were harvested from noninfected (N) and infected (I; 11 days after infection) WT and IFN-␥
Ϫ/Ϫ mice and cultured for 48 h in medium (M) the absence or presence of L-NMMA (500 M), rMuIFN-␥ (10 U/ml), or IFN-␥ plus L-NMMA, and nitrite production (A), Fas expression (B), and apoptosis levels (C) were determined as described in Materials and Methods. Bars 
, and CD95-L ϩ CD8 ϩ cells were 15.75 Ϯ 0.53, 7.83 Ϯ 0.31, 1.5 Ϯ 0.2, and 3.4 Ϯ 0.2, respectively.
Measurement of Fas-L expression after T. cruzi infection in cells from WT and IFN-␥
Ϫ/Ϫ mice showed that the percentage of Fas-L-expressing splenocytes is normal up to day 9 after infection. By day 11, Fas-L expression was increased in WT and IFN-␥ Ϫ/Ϫ mice, but in the absence of IFN-␥, the percentage of Fas-L-expressing cells was significantly lower. By day 20 after infection, Fas-L expression was still elevated in the WT mice (Fig. 6B) . Since all of the IFN-␥ Ϫ/Ϫ mice had died by day 13 of infection, we were unable to evaluate Fas or Fas-L expression at later time points.
Inhibition of NO production in vivo does not modify Fas and Fas-L expression in splenocytes from T. cruzi-infected mice.
To determine whether the enhancement of Fas and Fas-L expression could be modulated by the high levels of NO produced during the acute phase of infection, we treated T. cruziinfected WT mice with AG and evaluated the levels of apoptosis, Fas, and Fas-L expression. Splenocytes were analyzed freshly after harvesting and after culture in presence or absence of AG. Treatment of infected mice with AG led to a reduction of NO production in vivo (Fig. 7A ) and in vitro (Fig.  7E) and to a decrease in apoptosis levels in freshly isolated (Fig. 7B) or cultured (Fig. 7F) splenocytes. However, the inhibition of NO production did not modify Fas or Fas-L expression ( Fig. 7C and D) , even after culture with additional AG (Fig. 7G and H) . These results demonstrated that although NO induces apoptosis in cells from T. cruzi-infected mice, it is not required for the induction of Fas and Fas-L expression in vivo.
DISCUSSION
In this present work, we confirmed the previous suggested role of IFN-␥ in the modulation of lymphoproliferative response and apoptosis induction (35) , and we also investigated if IFN-␥ contributes in the apoptosis induction by another pathway than through NO production. Our observations suggest, for the first time, that besides being implicated in protection and apoptosis induction by mediating NO production, IFN-␥ also directly modulates Fas and Fas-L expression in vivo during the acute phase of T. cruzi infection. Considering the broad importance of Fas-induced apoptosis in immune response control, our data suggest a crucial role for IFN-␥ in controlling the immune response during the acute phase of infection with T. cruzi.
In accordance with previous observation (8, 25) , IFN-␥ plays a central role in the resistance to infection with T. cruzi, since IFN-␥ Ϫ/Ϫ mice are more susceptible to infection than WT mice (Fig. 1) . We also verified that the T-cell unresponsiveness could be due to IFN-␥, through the induction of NO production, since infected IFN-␥ Ϫ/Ϫ mice did not produce NO and presented normal ConA-induced cell proliferation (Fig. 2) . Thus, IFN-␥ produced early after T. cruzi infection (8) leads to NO production, which in turn mediates host resistance (52) and also immunosuppression, as demonstrated in mice infected with several other parasites (1, 7, 42, 50) . Absence of IFN-␥ also resulted in a dramatic reduction in apoptosis of splenocytes from infected mice. Although these results suggest that cell unresponsiveness is due to apoptosis, direct evidence to link these phenomena in vivo is still missing. The occurrence of apoptosis in vivo could also be a consequence of the decreased expression of IL-2R induced by the presence of the parasites (27, 28) , or of the parasite-induced polyclonal cell activation during this phase of infection (37) , since the various enzymes required for cell replication are susceptible to the inhibitory effects of NO (29, 38) .
The in vivo inhibition of NO production leads to a significant reduction of apoptosis levels in splenocytes from T. cruzi-infected mice (Fig. 7) . However, in vivo inhibition of NO production did not bring apoptosis to the lower levels found for noninfected or IFN-␥ Ϫ/Ϫ mice ( Fig. 3B and D) . This observation led us to inquire about a direct role for IFN-␥ in apoptosis induction during the acute phase of the infection. In this context, IFN-␥ has been demonstrated to play a critical role in the regulation of Fas antigen expression and induction of apoptosis in murine and human cells (30, 31) . We found that infected IFN-␥ Ϫ/Ϫ mice showed Fas expression and apoptosis levels significantly lower than those in infected WT mice, suggesting that the enhancement in Fas expression is mediated by IFN-␥. Induction of Fas expression could be another pathway of IFN-␥-induced apoptosis, as suggested to occur in mice infected with Toxoplasma gondii (30) .
Direct evidence for a role of IFN-␥ in mediating apoptosis induction during the acute phase of T. cruzi infection was obtained when splenocytes from IFN-␥ Ϫ/Ϫ mice were cultured in the presence of rMuIFN-␥, which simultaneously restored NO production and apoptosis levels (Fig. 5) . In addition, IFN-␥ also restored Fas expression. Although NO has been found to upregulate Fas expression (19, 49) , inhibition of NO production by addition of L-NMMA did not change signifi- cantly the amount of Fas-positive cells (Fig. 4) , indicating that in these experiments, Fas expression is modulated by IFN-␥ but not by NO. Moreover, spleen cells from T. cruzi-infected WT mice treated in vivo with AG (Fig. 7) or from iNOS knockout mice (unpublished data) displayed reduced apoptosis levels but not decreased Fas expression, despite the significant inhibition (Fig. 7) or abrogation of inducible NO production. These observations support the hypothesis that NO mediates apoptosis induction but is not critical for the enhancement in Fas expression. Moreover, in contrast to the activation-induced apoptosis showed to occur in vitro in cells from T. cruzi-infected mice (40) and to be modulated by Fas and Fas-L interaction, the spontaneous apoptosis that occurs in vivo seems to be mainly due to NO (Fig. 7B) . Taken to- gether, these data suggest that IFN-␥ mediates induction of apoptosis in T. cruzi-infected mice by inducing NO production and Fas and Fas-L expression. As suggested previously, such a mechanism of apoptosis induction could contribute to control of the immune response and possibly to limit the host tissue damage during infection (24, 31, 46, 51) . It is noteworthy that both IFN-␥ Ϫ/Ϫ and IFN-␥R Ϫ/Ϫ mice showed an enhanced inflammatory response in the liver after infection (25, 43a) .
WT mice exhibits increased Fas and Fas-L expression in spleen cells in the acute phase of infection. Surprisingly, during the early phase of infection, Fas but not Fas-L expression in splenic cells was increased also in the IFN-␥ Ϫ/Ϫ mice. Although we cannot explain this result, the induction of Fas in the absence of IFN-␥ could be due to the presence early in infection of other cytokines such as TNF-␣, IL-1, and IL-12 (4, 54) , which have been shown to upregulate Fas expression (14, 32, 34) . These results suggest that IFN-␥ is not essential to induce Fas expression early after infection but is crucial for its maintenance during the acute phase. IFN-␥ was also required for the enhanced Fas-L expression after day 11 of infection. This increased Fas and Fas-L expression is coincident with the highest levels of apoptosis found during this phase of infection (35) . Since the interaction of Fas and Fas-L results in apoptosis induction, it is possible that this interaction mediates induction of apoptosis in the early phase of infection. As discussed, a role for IFN-␥ in maintenance of Fas expression and induction of Fas-L expression in the acute phase of infection, independently of NO production, seems to be a feasible hypothesis, since inhibition of NO production did not completely block apoptosis (Fig. 7) . Another tempting possibility is that the high levels of NO produced during the infection enhance cell susceptibility to Fas-mediated apoptosis, as previously demonstrated to occur in pancreatic beta cells (32) . The fact that the majority of apoptotic cells express Fas, even in IFN-␥ Ϫ/Ϫ mice (Fig. 4) , may favor this possibility.
Fas-mediated apoptosis of CD4 ϩ T cells was shown to promote the exacerbation of T. cruzi growth in infected macrophages in vitro, suggesting that the occurrence of apoptosis during experimental T. cruzi infection may have a deleterious role (40) . However, in vivo, apoptosis could be important to mediate deletion of potentially autoreactive T cells (12) . Therefore, apoptosis induction may contribute to control of the immune response and possibly to limit host tissue damage during the infection, as suggested to occur in autoimmune interstitial nephritis (46) and in viral infection (24) , in which the absence of Fas-mediated apoptosis results in severe inflammation of host tissues. In this context, Fas-mediated apoptosis is required for the resolution of lesions in mice infected with Leishmania major (11) . Strikingly, Fas-defective mice are highly susceptible to infection with this parasite (26) . Similarly, lpr mutant mice are more susceptible than WT mice to T. cruzi infection (5), suggesting that somehow Fas (and probably Fasinduced apoptosis) participate in the modulation of an efficient response against T. cruzi. Experiments to test this possibility are under way.
In summary, results of this study suggest that in addition to playing a crucial role in parasite killing, IFN-␥ may be implicated in control of the immune response, by inducing NO production and Fas and Fas-L expression, which in turn lead to apoptosis induction during experimental T. cruzi infection. NO-mediated parasite killing and control of inflammatory response through apoptosis induction could be involved in limiting the damage to host tissues and promoting the establishment of chronic disease in T. cruzi-infected mice.
